Multiple peptide resistance (MprF) virulence factors control cellular permeability to cationic antibiotics by aminoacylating inner membrane lipids. It has been shown previously that one class of MprF can use Lys-tRNA Lys to modify phosphatidylglycerol (PG), but the mechanism of recognition and possible role of other MprFs are unknown. Here, we used an in vitro reconstituted lipid aminoacylation system to investigate the two phylogenetically distinct MprF paralogs (MprF1 and MprF2) found in the bacterial pathogen Clostridium perfringens. Although both forms of MprF aminoacylate PG, they do so with different amino acids; MprF1 is specific for Ala-tRNA Ala , and MprF2 utilizes Lys-tRNA Lys . This provides a mechanism by which the cell can fine tune the charge of the inner membrane by using the neutral amino acid alanine, potentially providing resistance to a broader range of antibiotics than offered by lysine modification alone. Mutation of tRNA Ala and tRNA Lys had little effect on either MprF activity, indicating that the aminoacyl moiety is the primary determinant for aminoacyl-tRNA recognition. The lack of discrimination of the tRNA is consistent with the role of MprF as a virulence factor, because species-specific differences in tRNA sequence would not present a barrier to horizontal gene transfer. Taken together, our findings reveal how the MprF proteins provide a potent virulence mechanism by which pathogens can readily acquire resistance to chemically diverse antibiotics.
A ccurate translation of mRNA is a central facet of gene expression. Proteins are made by pairing mRNA codons with aminoacyl-tRNA on the ribosome, resulting in the synthesis of a polypeptide whose sequence corresponds to that encoded in the respective mRNA. Aminoacylation of tRNAs is catalyzed by the aminoacyl-tRNA synthetases (aaRSs), which match cognate amino acid:tRNA pairs from among the vast number of noncognate molecules in the cell (1) . The majority of aminoacyltRNAs form ternary complexes with GTP and elongation factor Tu (EF-Tu) (2) and are subsequently delivered to the ribosomal A site, where they are used in protein synthesis. Several aminoacyl-tRNAs are also used for cellular processes other than translation, including porphyrin biosynthesis and cell wall biosynthesis and remodeling (3-6) (reviewed in ref. 7) . In some bacteria, Lys-tRNA Lys is used both for translation and for addition of lysine to lipids in the cytoplasmic membrane (8, 9) . In Staphylococcus aureus, the multiple peptide resistance factor (MprF) (encoded by mprF) is an integral membrane protein that catalyzes transfer of the aminoacyl moiety from Lys-tRNA Lys to the free distal hydroxyl group of the glycerol moiety of phosphatidylglycerol (PG). Addition of lysine to PG by MprF increases the positive charge of the cytoplasmic membrane, lowering cellular permeability to cationic molecules. The MprF pathway confers S. aureus, with resistance to cationic antibacterial agents such as antibacterial peptides produced by human neutrophils (defensins) and several cationic antibiotics (aminoglycosides, betalactamines and glycopeptides) (10, 11) .
Remodeling of the cytoplasmic membrane by MprF constitutes a potent virulence mechanism by which certain pathogens modulate cellular permeability during infection. Orthologs of mprF are found in both Gram-positive and Gram-negative bacteria, and whereas the correspondence with antibiotic resistance has been studied in S. aureus and Listeria monocytogenes, the molecular basis for substrate recognition (amino acid, tRNA, and lipid) remains largely unexplored. In particular, it is unclear how Lys-tRNA Lys , which normally participates in protein synthesis by tightly binding to EF-Tu, is first sequestered by MprF and then specifically used in preference to other aminoacyltRNA species. Some organisms encode several MprF-related proteins with different architectures, such as in most actinomycetes (e.g., mycobacteria) that contain both a freestanding protein and a version fused to a lysyl-tRNA synthetase. The divergent MprF architectures suggest that the three different C-terminal domains could lead to differences in substrate specificity, thereby allowing the transfer of different activated amino acids to membrane substrates. This echoes previous studies showing that Mycobacterium tuberculosis and Clostridium perfringens, both of which encode two distinct MprF-related proteins of unknown function, are able to form ornithyl-and alanyl-PG, in addition to lysyl-PG, by unknown mechanisms (12) (13) (14) . Here we show that the two MprF homologs of C. perfringens can specifically modify lipids with different amino acids by using canonical aminoacyl-tRNAs as substrates, providing a mechanism by which RNA-dependent remodeling can fine tune membrane permeability.
Results

Molecular Phylogeny of the MprF Family. S. aureus
MprF is an 840-aa protein composed of two domains, a membrane inserted hydrophobic N-terminal domain predicted to contain 13 transmembrane ␣-helices and a hydrophilic C-terminal domain oriented toward the cytoplasm. MprF does not share similarity with proteins of known function, and the C-terminal domain was used to search for related sequences from other organisms. A total of 117 sequences of MprF-related proteins were found in Grampositive bacteria, distributed among 22 different genera. In Gram-negative bacteria, 80 sequences were identified spread among 34 genera. MprF is also present in three archaea from the Methanosarcinaceae. In Gram-positive bacteria, MprF is mostly found in Firmicutes (Bacilli and Clostridia but not in Mollicutes) and in Actinobacteria. In Gram-negative bacteria, MprF is present in proteobacteria but absent from the delta subgroup and is scarcely found in chloroflexi, bacteroides, cyanobacteria, and planctomycetes. Interestingly, MprF is often confined to a particular genus within an order; for example, MprF is present in two genera of gamma proteobacteria but is absent from all enteric bacteria. Three distinct C-terminal domain types were found, either as freestanding proteins or associated with four different types of N-terminal domains (Fig. 1) Lys PG transferase activity has been described (8, 9, 15) . The second largest group contains MprF sequences from both Gram-positive and negative bacteria, as exemplified by the protein LpiA, which has been shown recently to be responsible for Lys-PG synthesis in Rhizobium tropici (16) . Whereas most organisms contain a single mprF gene, C. perfringens encodes MprF proteins belonging to two different subclusters within the same group (Fig. 1) . To determine whether the two mprF genes of C. perfringens encode distinct activities, the lipid modification activities of the corresponding proteins were investigated in vivo and in vitro.
Lipid Aminoacylation by MprF1 and MprF2. To investigate the potential aminoacyl transferase activities of MprF1 and MprF2 from C. perfringens, the corresponding genes were cloned and the proteins were produced in E. coli C41 (17) . Previous studies with B. subtilis MprF have revealed that heterologous expression of the protein in E. coli, which has no MprF-type activity, leads to detectable levels of Lys-PG synthesis in vivo (18) . Three strains were constructed that contained either vectors encoding MprF (C41-MprF1 and C41-MprF2) or the corresponding empty vector (C41-pet). To facilitate analysis of membrane phospholipid modifications, strains were grown in LB containing [ 32 P]-pyrophosphate. Lipids were extracted by using the method of Bligh and Dyer (19) and analyzed by 2D TLC to reveal the pattern of E. coli lipid modification catalyzed by each MprF (Fig.  2) . The three major membrane phospholipids of E. coli, phosphatidylethanolamine (PE), PG, and cardiolipin (CL), were all detected in the control strain, although additional compounds were also visible when MprF1 or MprF2 were produced (Fig. 2) . A compound with the characteristic migration pattern of Lys-PG was detected when MprF2 was produced (Lys-PG; Fig. 2B ) and an uncharacterized compound close to PE was visible only upon MprF1 production (Fig. 2C, x) . These data indicate that C. perfringens MprF2 has canonical Lys-tRNA Lys PG transferase activity, whereas MprF1 is unable to make Lys-PG but, instead, synthesizes another modified phospholipid when produced in E. coli.
MprF1
Is Specific for Ala-tRNA. A recent reassessment of the lipid composition of C. perfringens membranes confirmed the presence of both Ala-PG and Lys-PG (14) . This prompted us to investigate the ability of MprF1 and MprF2 to use Ala-tRNA and Lys-tRNA as substrates for the aminoacylation of PG. Membrane extracts from the strains C41-MprF1, C41-MprF2, and C41-pet were aminoacylated in vitro in the presence of [
14 C]-Ala or [ 14 C]-Lys in reaction media containing total tRNA and an S100 extract of E. coli containing lysyl-tRNA synthetase (LysRS) and alanyl-tRNA synthetase (AlaRS) activities. After incubation, the lipids were extracted from the reaction and analyzed by TLC (Fig. 3A) . The membrane extract from the strain C41-pet was unable to attach [
14 C]-Ala or [ 14 C]-Lys to lipid, whereas the preparations from C41-MprF1 and C41-MprF2 exhibited lipid aminoacylation activities specific for Ala and Lys, respectively. To confirm that the observed aminoacyl transferase activities were both tRNA dependent as with other characterized MprF proteins, lipid modification was monitored in the presence of RNase A (Fig. 3B) . Addition of RNase A completely inhibited the lipid aminoacyl transferase activities of both enzymes, indicating that they are tRNA-dependent.
MprF1 Catalyzes Ala-PG Synthesis. To determine the phospholipid substrate of MprF1, an in vitro reconstituted minimal system was used in which alanyl-transferase activity was tested by measuring lipid acylation by [ 14 C]-Ala by using catalytic amounts of the corresponding membrane extract in the presence of purified AlaRS and in vitro-transcribed tRNA Ala from E. coli. The lipid alanylation activity of C41-MprF1 membrane extracts was compared in the presence or absence of an excess of egg yolk PG (Fig.  4) . A higher level of lipid alanylation was observed when the reaction medium was supplemented with PG compared with that obtained without additional PG (Fig. 4B) , consistent with similar studies in which exogenous PG is used to demonstrate lysyltransferase activity in MprF2-type enzymes (18) . It is also worth noting that the lipid extraction method used here eliminated all free [ 14 C]-Ala ( Fig. 4A) and [ 14 C]-Lys (18), thereby allowing PG acylation by radiolabeled amino acids to be quantified by scintillation counting of extracted lipids without recourse to TLC analysis.
To further characterize the products of PG alanylation by MprF1, a 2D TLC system was used. An unlabeled lipid preparation from strain C41-MprF1 was co-migrated with [ 14 C]-Ala-PG obtained previously without addition of exogenous PG (Fig.  3, lane 6) . Total cold lipids from C41-MprF1 were visualized by using iodine vapors, and [ 14 C]-Ala-PG detected by phosphorimaging. Interestingly, Ala-PG resolved into two spots: the major species superposed with PE and the minor species migrated slightly faster in the second dimension (Fig. 4C ). These two species may correspond to two distinct products of the reaction, such as bis-acylation of PG or acylation of an alternate position of the PG glycerol group.
The Aminoacyl Moiety Is the Primary Determinant for Aminoacyl-tRNA
Recognition by MprF. We next determined the importance of the tRNA body for recognition by C. perfringens MprF1 and MprF2. For this purpose, in vitro-transcribed tRNA Ala and AlaRS from E. coli and in vitro-transcribed tRNA Lys and LysRS from either human or Borrelia burgdorferi were used in an in vitro aminoacyl transferase assay (18) . tRNA Lys transcripts from other systems such as E. coli (20) and B. subtilis (21) show minimal activity in vitro and are not suitable for assays of MprF activity. To continuously monitor activity, an excess of AlaRS or LysRS was used to maintain a steady level of aminoacyl-tRNA in the reaction media, allowing the determination of the aminoacylation level of tRNA and PG simultaneously during the time course of the reaction. Steady-state kinetic parameters were determined for aminoacyl-PG formation over a range of different aminoacyl-tRNA concentrations (Fig. 5 and Table 1 ). tRNA Ala , tRNA Pro containing AlaRS recognition elements (22) and an Ala-specific mini helix [a hairpin composed of only the acceptor and T stems of tRNA Ala (23) ] were all efficiently recognized by MprF1. Similarly, tRNA Lys from B. burgdorferi and Homo sapiens, which share less than 50% identity, are also recognized equally well by MprF2 (Table 1 ). These findings indicate that the overall sequence of the tRNA moiety of the aminoacyl-tRNA is not a critical determinant of substrate specificity for MprF1 or MprF2. Furthermore, both the anticodon and the overall L shape of the tRNA are dispensable for recognition by MprF1 because the Ala minihelix was recognized as efficiently as tRNA Ala . The nature of the sequence of the tRNA body is also not important because tRNA Pro UGC and human tRNA , which contains a different discriminator base (G73) than eubacterial tRNA Lys (A73), are efficient substrates for MprF1 and MprF2, respectively. Overall, these data indicate that the main determinant of the specificity of aminoacyl-tRNA recognition by MprF1 and MprF2 is the identity of the aminoacyl moiety of the substrate.
Aminoacyl-tRNAs Bound to EF-Tu Are Kinetically Accessible to MprF.
Aminoacyl-tRNAs are delivered to the ribosomal A site as ternary complexes with EF-Tu and GTP. EF-Tu is one of the most abundant proteins in bacterial cells (24) and binds aminoacyl-tRNAs with high affinity (25) , raising the question as to how Ala-tRNA Ala and Lys-tRNA Lys are directed away from translation to the MprF pathway. To investigate how effectively an aminoacyl-tRNA can ''escape'' the protein biosynthesis machinery, we first determined the k off for Lys-tRNA Lys from the ternary complex with EF-Tu⅐GTP and derived the corresponding dissociation constant (K D ) at 4°C, as previously described (26, 27) . The K D for Lys-tRNA Lys was 43 Ϯ 7 nM, an affinity two orders of magnitude higher than the K M measured for MprF2 with the same substrate at 37°C. In an attempt to compare the affinities of EF-Tu and MprF2 for Lys-tRNA Lys under more physiological conditions, the effect of temperature on k off for the ternary complex was investigated. k off increased 10-fold upon changing the temperature from 4°C to 25°C (the practical upper limit for this particular system). k off values determined over this temperature range were used to derive the corresponding K D values, and a linear van't Hoff plot was then used to estimate K D values at higher temperatures (Fig. 6 ). Based on this analysis, the K D of the complex would reach 950 nM at 37°C, a value 20-fold higher than that observed at 4°C and in agreement with the 30-fold increase observed over the same temperature range for the EF-Tu⅐ Phe-tRNA Phe interaction (28) . These data suggest that EF-Tu and the MprFs would have similar affinities for aminoacyl-tRNA under physiological conditions, allowing for effective partitioning of substrate between the two corresponding pathways.
Discussion
MprFs Can Remodel Inner Membrane Lipids with Ala and Lys. Bacteria modulate their permeability to charged molecules through modifications that reduce the net negative charge of the membrane, such as attachment of D-Ala to teichoic acid (2), acylation of the lipopolysaccharide with positively charged molecules, biosynthesis of PE (3), and lysylation of PG (4). Lysylation of PG by MprF has been described in several organisms and has recently been implicated as a key factor in determining the virulence of methicillin resistant S. aureus, which is particularly refractory to antibiotic therapy (11) . The net effect of lysylation is to make PG positively charged, thereby conferring resistance to cationic antimicrobial compounds such as defensins and increasing tolerance to acidic growth conditions. The discovery that members of the MprF family can also specifically modify PG with the neutral amino acid alanine reveals a mechanism whereby the charge of the inner membrane can be fine tuned in response to different environmental challenges. Based on comparative genomic analyses (Fig. 1) , the ability to modify PG with both Ala and Lys is not universal, suggesting either that certain organisms use other pathways to neutralize the inner membrane or that Ala-PG is only required under particular physiological conditions. An understanding of how mprF1 and mprF2 expression is regulated in response to different environmental cues is now needed to better appreciate the physiological consequences of Ala and Lys modification of PG. The structural diversity of the MprF family suggests that amino acids other than Ala and Lys may also be substrates for PG modification. For example, ornithine-PG has been described in Mycobacterium tuberculosis (13) , and it is possible that under certain conditions tRNA Lys mischarged with ornithine (29) may serve as a substrate for MprF. The possible use of still other amino acids to modify the chemical and physical properties of the inner membrane can now be explored in more detail by using the phylogenetic distribution of the various MprF subtypes as a starting point.
Relaxed RNA Specificity Facilitates Horizontal Transfer of MprF. The potency of MprF as a virulence factor derives from its ability to sequester resources from a ubiquitous cellular process, protein synthesis, for cellular adaptation to adverse conditions. Beyond contributing to pathogenicity, another feature of many virulence factors associated with antibiotic resistance is the ease with which they can be transferred between different hosts. In the case of MprF, horizontal transfer of the corresponding activity requires insertion of a substantial portion of the protein into the host membrane and facile recognition of heterologous lipid and aminoacyl-tRNA substrates. The C. perfringens MprF1 and MprF2 activities could both be reconstituted in E. coli despite differences between the Gram-positive and Gram-negative cell envelopes and the sequences of the corresponding tRNAs. Sequence differences often present a barrier to the horizontal transfer of tRNA-dependent pathways and are believed to be a significant factor in the distribution of the known pretranslational modification pathways (e.g., ref. 30). In contrast both MprF1 and MprF2 showed relaxed specificity toward the tRNA moiety of their aminoacyl-tRNA substrates, providing a mechanistic basis for their potency as mobile virulence factors.
The Role of tRNA as an Adaptor Outside of Translation. Several noncanonical aminoacyl-tRNAs are able to evade the translation elongation machinery and are used instead for other tRNAdependent biosynthetic processes. This is achieved by discriminating against EF-Tu binding, as described for misacylated Asp-tRNA Asn and Glu-tRNA Gln (31, 32) , Met-tRNA fMet initiator species (33) , and Ser/Sec-tRNA Sec from the selenocysteine insertion pathway (34) . In all of these examples, discrimination against EF-Tu binding both frees up aminoacyl-tRNA for other cellular process and prevents miscoding errors during translation (2) . It has been less clear whether other enzymes such as LF-transferase (35) and MprF use canonical aminoacyl-tRNA species in competition with EF-Tu or, instead, rely on idiosyncratic features of particular tRNAs, as described for peptidoglycan biosynthesis in Staphylococcus epidermidis (4) . Our data indicate that, contrar y to initial expectations, EFTu⅐GTP⅐aminoacyl-tRNA complexes provide a pool of aminoacyl-tRNA both for translation and other cellular processes. This expanded role for EF-Tu in metabolism is also based on its ability to protect the labile aminoacyl-ester linkage (36) , thereby providing the cell with a stabilized pool of activated amino acids.
Materials and Methods
Bacterial Strains and Plasmids. The genes mprf1 and mprf2 from C. perfringens SM101 (GenBank accession numbers YP698880 and YP698580, respectively) were amplified by PCR by using genomic DNA from Sigma (D1760) with the primers 5Ј-ATATACCATGGGTTGGGATTCACTAAAAAAAAGTTATAGACATT-3Ј, 5Ј-CGCGGATCCTTATTTTTTCTCTACTCTTTCCTTTGAATTAGCTATTAATA-3Ј and 5Ј-ATATATCCATGGTGAAGTTAAATATAAAGATAAGTGACAAATTAAA-ATTATT-3Ј, 5Ј-ACGCGTGGATCCTTATTTAATTAAGCTTTTTAAGTTTCTTACA-ACTATACTTTC-3Ј, respectively. The PCR products were cloned into the vector pet33b (kan R , Novagen) by using the NcoI and BamHI restriction sites. Empty and recombinant vectors were used to transform the E. coli strain C41 (17) , which also contained the plasmid pRARE2 (Cam R , Novagen) encoding tRNAs for translation of rare codons to yield the strains C41-MprF1, C41-MprF2, and C41-pet. Expression of protein was carried out in an autoinduction medium, described elsewhere (18) , containing 30 mg/L chloramphenicol and 50 mg/L kanamycin. E. coli His6-EF-Tu was produced and purified as described previously (37) .
In Vivo Labeling of Bacterial Strains with [ 32 P]-Pyrophosphate and Lipid Analysis.
Lipids were extracted from samples by using the method of Bligh and Dyer (19) with 120 mM potassium acetate, pH 4.5, in the aqueous phase. TLC analysis of lipids was carried out on HLF silica gel 250-micron plates (Analtech) developed in 1D or 2D by using successively the solvents chloroform:methanol:water (14:6:1, vol:vol:vol) in the first dimension and chloroform:methanol:acetic acid (13:5:2, vol:vol:vol) in the second dimension. In vivo labeling of phospholipids was performed by inoculating 2 ml of LB containing antibiotics (see above) and 5 ϫ 10 6 cpm of [ 32 P]-pyrophosphate (Perkin-Elmer) with 20 l of an overnight culture. Protein production was induced by addition of 0.5 mM isopropyl ␤-D-thiogalactoside after incubation for 4 h at 37°C with shaking, and the cells were harvested after 5 h of additional incubation at 37°C under agitation. PG and CL were identified by comigration of the radiolabeled lipids with commercially available PG (P0514; Sigma) and CL (C1649; Sigma). PE and Lys-PG were also distinguished based on staining with Ninhydrin.
Determination of Kinetic Parameters for MprF. Membrane suspensions were prepared by differential centrifugation (18) and stored at Ϫ80°C in 50 mM Tris⅐HCl, pH 8.0, 1 mM diisopropyl fluorophosphate, 1 mM PMSF, 3 mM ␤-mercaptoethanol, and 20% glycerol. The concentration of protein in membrane suspension was 15-20 mg/ml, as measured by the method of Bradford (Bio-Rad). The MprF activity in extracts was assayed in a reaction medium reconstituted sequentially in which the amount of [ 14 C]aminoacyl-tRNA is maintained constant and the levels of aminoacyl-tRNA and aminoacyl-PG are (Fig. 5) . Twenty microliters of 3 M potassium acetate, pH 4.5, was added to the aqueous phase, and [ 14 C]aminoacyl-tRNAs were then precipitated at Ϫ80°C after the addition of 1 ml of ethanol. [ 14 C]Aminoacyl-tRNAs were recovered by centrifugation, resuspended in 60 l of 60 mM potassium acetate, pH 4.5, and spotted on 3-mm filter discs, washed twice in 5% TCA, and dried, and the retained radioactivity was then determined by scintillation counting (Fig. 5) (Fig. 6) .
Note. Recent studies in the laboratory of J. Moser (University of Brunswick, Brunswick, Germany) have also described alanyl-tRNA transferase activity for MprF from Pseudomonas aeruginosa (personal communication).
